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OBSERVATION OF RAYLEIGH-TAYLOR-LIKE STRUCTURES
IN A LASER-ACCELERATED FOIL

4 The Rayleigh-Taylor! (RT) hydrodynamic instability can arise when a fluid of lower density

accelerates a fluid layer of a higher density. The RT instability causes ripples at the interface between

] the fluids to grow in amplitude until the fluids interpenetrate each other as bubbles (of the lower den-
sity fluid) and spikes (of the higher density fluid), which can eventually shred the interface. The spikes
grow as dense protrusions into the lighter material, locally increasing the mass thickness normal to the
original interface. In the noalinesr regime, the spike-tips can develop s mushroom shape similar to a
Kelvin-Helmhoitz? rollup.} In addition, the confluence of mass into the spike can result in protrusions
on the rear of the denser layer.* Using x radiography, we have obtained the first images of a laser-
accelerated foil showing structures which resembie these Rayleigh-Taylor signatures. Such phenomena
are of concern to inertial confinement fusion,’”* since implosion symmetry and fuel integrity may be
spoiled by the RT instability.

Previous experiments with laser-accelerated targets without intentional target nonuniformities
yhld.dnooml‘rm‘mnmmofﬁpphdmdbururgeu:howed;rowthoﬁmmlper-
turbations, although the mechanisms remained in question.’ Measured growth rates of mass moduia-
tions developing in corrugated foils, examined by streaked x radiography viewing normal to the foil,
were in agreement with RT numerical simulstions.® A face-on flash x-radiographic technique® using bar
targets has recently shown evidencs for RT growth.

In this work, planar foils were also structured periodically in mass thickness, in order to initiate
the hydrodynamic instabilities with a predetermined wavelength. The spatial wavelength A and thick-
ness of the mass modulations were varied. The targets were made of plastic (1.0 g/cm’), having rec-
tangular bars of length L, of width A/2 and separated by )\/2, piaced on the rear (nonirradiated) side of
1. The foils wers irradisted at § x 10'2 W/cm? (computed from the temporal
energy contour of an equivalent focus) in the quasi-near field of a single driver
Pharos II Nd: glass laser operating st 1.05 um wavelength in a 4 s pulse. The focal diam-

was 650 um. The ber length L for backlighting was 400 um, i.c., less than the focal diameter.

s second beam was shortened to ~300 ps and directed onto an adjacent Al target at 45°
incidence to produce a flash backiighting source of 1.6 keV x rays'® delayed ~6 ns after the peak of the
driver pulse. A pinhols array imaged the x-ray source and slso viewed parallel to the bars on the foil to

producs x radiographs at a magnification of 3.0; resolution was 10 xum, i.e., measurements are ~ +5

o psm. Anocther pinhole camers, behind and 20° from the target normal, recorded the self-emission of

f
E
1]
3F

) Pyrometric blackbody brightness measurements!! of the rear of the targets gave temperatures of
only 4.5 = 1. eV, regardiess of target structure (unperturbed or A = 8, 25, or 50 um) on nonbacklight-
ing shots, as well as on two becklighting shots. Thus, the backlighter did not appreciably heat the
driven foil. Reer pinhole images and laser focal diagnostics showed circular fringes in the incident
beam and also a pattern of 40-50 um bands parallel to the bars in perturbed targets. The effects of this
leser nonuniformity are observable in the original x radiograph of an accelerated unperturbed target as a
pentie modulation in the accelerated target (Fig. 2b).

Manuscript spproved January 27, 1984.
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(OP) and a rear x-ray pinhols camera (RC) 4
viewed from the réar. - A second lsser beam by
(BB) irradiated an Al wargét (Al 0 provide a
backlighting x-ray flash for radiography of the
accelerated foil using a pinhole array (PA) to
image onto a film pack (FP).
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from aearby pinholes. (b) X radiograph of
mm unperturbed targt. (o) X cadiogragh of bar target with 1.05 thickness ratio. Between (c)
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Perturbed targets were accelerated under the same illumination conditions. For these targets, the
boss thiskpess wes 9.7 um, ic., about five ablation depths.!? The bar thickness was systematically
inoveased 0 2.7 um, but all had A = 50 um. A modulation of 50 um periodicity is observed in the x F
sliogregh of s sccelersted foil with 0.5 um thick bars (Fig. 2c), for an impressed thickness ratio of
Lﬁ-(&?-l-ﬂ.ﬂl!ﬂ Darker regions correspond to higher x-ray absorption and higher areal mass
( . For an incresssd thickness ratio of 1.15 the stristions of higher and lower density regions are
mm‘“lﬁ) The mean target displacement was about 140 um, with dense material
: ag rearward as far as 200 um. Larger displacements (accelerations) off the axis of the focus
ﬂm-mrninndwmdamundm ?

thd&hmnhmumemnthckneamwofn the tips of the

R denser structures become pronounced and are seen to extend from the accelerated region of the foil

proper, back toward the laser. In Fig. 3, we compare the experimental radiograph (Fig. 3a) with

sumerical simulation results. Note especially the identifications of the spike and bubble regions. The

projection of dense mass protrusions back toward the laser (downward in Fig. 3) is characteristic of

spikes in the Rayleigh-Taylor instability. In Fig. 3a, a bridge, at least 3 times thinner than the 80 um

%3 am axial extent of the accelerated unperturbed target, appears to connect neighboring spikes. The

spilies extend about 60 um =5 um to the front (toward laser) of this bridge. Smnlletprojectionsof

mass are also observed to the rear of each spike. Photometric measurements of x-ray intensities!? in

the images of the spike tips and the intervening bubble regions were made with calibrated photographic

emuision.}? Seif-emission of the foil was negligible. Converting these measurements t0 average mass

thicknesees as in Ref. 10 yields densities at least 0.10 of solid in the spikes, assuming an x-ray path

length equal to the bar length. Bubble densities are smaller than spike densities by factors of 2.5-4.

Mhhmmﬂxmmdmwtmamemdmﬁowmgwould

ase this factor. The overall axial extsat, from tip to rear of the target shadow, is about 105 um,

hich is grester then the unperturbed target (80 um =5 um). These modulations in mass density, and

thinness of the Lridge region, indicate that mass redistribution has taken place leaving bubble

deficient in mess. The projected radiographic image of the spike tips also appears to exhibit

Jateral brosdening, indicative of the nonlinear stage of the RT instability.!* !5 These highly
developed features are compered below with numerical simulation.

Eii

li

The evolution of a perturbed target under conditions similar to those of the experiment was
modsled using the FAST2D> ! jaser-shell simulation code. For the numerical rua shown in Fig. 3c,
the initial target mass was structured the same as the experimental target of Fig. 3a, while the incident
Inser intonsity was 8 x 10’2 W/em? 0 a 7 = 5 ns FWHM puise. The average final target velocity
was 3.8 x 10° c;n/s and the total distance pushed (measured in the bridge connecting the spikes at 7 gy,
= 5 ns) was 180 um. Rear surface temperatures were 4-6 eV at 14y, The most unstable mode,
A-So;n-zc/k,fononmhiddphueofmphmdedeaywhilethenowpamrnsevolvemtoan
sigeamods, then grows exponentially by mass redistribution until k4 = 1_after which the amplitude 4
of the perturbation grows at the siower free-fall rate, A4 = 1/2g(A1)?, with g = 1.56um/ns?.

mmmmmmﬂnumenauytobﬂx 10% 5!, which is about 1.5 times
“hﬂ““ﬂﬂuhmﬂmtﬁththelinwnoﬂhmmofhu ¢
waveleagth sinusoidal perturbations for constant laser intensity.!* There were 3 e-foldings of exponen-
- tial growth above the minimum amplitude. The spike-bubble amplitude (on the 30% density contour) at
T otey i3 65 um (Fig. 3c), which compares favorably with experimental observation (60 um =+ 5um).

An experimental growth factor of 22 = (60 um/2.7 um), over a growth time of no more than
Tosy + Tuse implies an exponential growth rate greater than yg,, = 7(22) + 10 ns = 3 x 108 5=,
Accounting for initial or free-fall phases of evolution would give larger growth rates. Final amplitude
-~ may be compared to a simple model in which exponential growth proceeds at the linear classical rate,
- and in which the initial phase, the free-fall rate, and the amplitude of transition to free-fall, are as
simulated numerically: the caiculated final amplitude is greater than that observed by a factor of 1.5.

4

% N NS ‘- - - 1 - -_---.-‘.
B O QY NN, ARV L (XX Y IO TR 11

AR AL M F N S e R N B DGR NS

ey LU ‘&




. *SHNSII [BNIFWNU puUE {RIUdW
-Uadx? 3S3YY UL JUSPIAD 2B *sd) INids SY1 JO Buruapeolq SB [[om SB ‘SUONIAN0Id Jedl pue ‘3qqnq ‘aNids JO JUAWAOJIAR( "(SINO)
-U0d €0°0 PUE [(°Q 3Y) USOMIQ) SOWN|OA JUSIYIP ssew ‘oBie) oy e soqqng *™“d jo [0 PuE g0’ I® SINCIUOD [RUCINPPE
s (;wd/8 1990 = *™Ud) wnuNXeW Y3 JO SIUSWAIOUL O]'Q UL U8 SINOIOD "1X3) Ul UIAIS SUONIIPUOD 10) %%, 18 voneNWIs
ATLSV: Wol) $In0JU0O ANSUdpos] (3) "uonadfosd Jeds gy ‘98plIq YE ‘aMuds g§ ‘dn dids LS ‘sAqqQnq ‘sayids s pognudp) e
souriodw) Jofew jo saINjed ‘(B) 01 (q) WOIJ BUIPUIIXD SMOLIE [RIUOZIIOY Aq PILIAUOD 358 $3INEd) BuIpuodsa110d JO suoHSod
1®IXy "(®) SIYoRW (q) JO 9185 [BISIe] ‘SIS IANINW Mmoys 01 pAeadas pue ‘(8) JO RIS Y O) UMOP () WoOJj paywBewap
§1 4N0JUOO **d 7°0 YL "19818) PIIEIVIIOE JO UOCHUINIIS [BIBWNN (q) “19NIRI JO IYSU 0) SI 19818} PAWINIVY WYBq Jeadde
(19838) PAIBISIIOR JO JBII 01 BAIE ‘SIQQNQ) SUOIBIS ANSUSP mO] ‘XIUP sseadde (a8pLq pue ‘suondefoxd Jeds ‘sINMs Suipnjou)
[suoIBW 19818 sudp ‘(38w Jo g/7 Jaddn) uCIBIl NPORQ Y UMM IBSWI MOJIq PIWWRISEIP S1 (PIIRIIBEXD SEFUNINY)
‘W O = Y) TS PUB UOIIINS-550I0 {BIIU] 1981w} Juq Jo YdeiSoipes X [MUSWLIAIXT (F) ‘PIEMUMOP YimosB SXids JO UOIIINP
‘paemdn UONHEBISN0OR 198181 M0[9q WOIJ JUSPIOUS JISE] "W O = Y PUE €] JO ONEI SSIURNYL JOJ SHNS Jo Uosedwo) — ¢ “Siy

o @ ®

SNOUIIN
‘08 0’0

H3asvi

s3786N8 S3INIAS

18
ds

i




R IR O S B IR e L W L W AW IR T W W o W TaWa WaTe T a¥a Tl diey

The nonlinear Kelvin-Helmholtz-like spike-tip broadening!*!* is clearly evident in Fig. 3c. The
vorticity generated by the non-collinear nature of the density and pressure profiles collects behind the
heads of the spikes causing the spike tips to widen. This effect becomes appreciable when the ampli-
tude of the perturbation is about haif the wavelength of the perturbation.! The 20% density contour at
the rear of the target, Figs. 3b and 3¢, delineates rearside mass projections similar to those found exper-
imentally. These projections in the simulation are due to the collision of mass flowing from adjacent
bubb‘lon;ioummlnmmedimmke,mnnnanotonlymsmkegrowthbutalsomamrwardjet-
ting.

Several mechanisms other than RT were considered: differences in acceleration for thicker and 4
thinner portions of bar targets; preferential thermal broadening of the spike tips; and various geometric _
mechanisms such as viewing parallax, etc. From the combination of the observed structures and simu- ¥
lation resuits on temperature contours, the most likely explanation for the structures in the radiographs

In summary, several basic features of the advanced development of the RT hydrodynamic insta-
bility have been identified in the numerical resuits and compared with experimental observations. The
observations are consistent with mass redistribution into a high density spike and a mass-deficient bub-

ble, with broadening of the spike tips. Moreover, rearside projections were observed experimentally

R and interpreted with the numerical simulation resuits. Mass redistribution processes such as those

. observed could significantly affect inertial fusion pellet performance. Extensive further experimental
work is needed to relate these hydrodynamic phenomena to laser fusion reactor scenarios.

_ The authors acknowledge heipful discussions with B.H. Ripin, S.E. Bodner, D.B. Brown, J.H.
Gardner, J. Grun, and D.J. Nagel. We are further appreciative of the expert technical efforts of J.
Bass, D. Chevillo. W. Griffith, K.R. Hudson, K. Kearney, W. Naffey, D. Newman, N. Nocerino, M.
E. Turbyfill. This research was supported by the U.S. Department of Energy.
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